transistors) with ultrathin HTS electrodes transparent to electric and magnetic fields.
Reconstruction of Molecular Orbital Densities from Photoemission Data
Photoemission spectroscopy is commonly applied to study the band structure of solids by measuring the kinetic energy versus angular distribution of the photoemitted electrons. Here, we apply this experimental technique to characterize discrete orbitals of large p-conjugated molecules. By measuring the photoemission intensity from a constant initial-state energy over a hemispherical region, we generate reciprocal space maps of the emitting orbital density. We demonstrate that the real-space electron distribution of molecular orbitals in both a crystalline pentacene film and a chemisorbed p-sexiphenyl monolayer can be obtained from a simple Fourier transform of the measurement data.
The results are in good agreement with density functional calculations.
H ighest occupied and lowest unoccupied electronic orbitals of molecules are the prime determinants of the respective compounds' chemical, electronic, and optical properties. The electronic states of extended periodic systems are described by band structures, allowed energies E for given momentum values k, and the orbitals are Bloch wave functions associated with a particular k point. For finite systems, such as molecules, the orbitals are viewed as a particular spatial distribution of the electron density at discrete energies. Several experimental methods have enabled imaging of molecular orbitals under certain conditions (1) . For simple diatomic molecules in the gas phase, high harmonic generation using femtosecond laser pulses allows a tomographic reconstruction of the highest occupied molecular orbital (HOMO) (2) . Electron momentum spectroscopy, also applied to molecules in the gas phase, can provide the spherically averaged orbital electron density in momentum space (3). In the solid state, scanning tunneling microscopy (STM) is a powerful technique for mapping orbital structures of more complex molecules, particularly at cryogenic temperatures on inert decoupling layers (4). However, strong bonding interactions with the substrate complicate interpretation of the The so-called generic phase diagram of HTS, i.e., the dependence of T c on the carrier density. The dashed lines between (A) and (B) show interrelation between the charge profile across the interface and the corresponding T c in the respective CuO 2 planes. Apparently, only the N = 2 CuO 2 plane is expected to have the value of T c near that in optimally doped LSCO, whereas the overdoped N = 1 plane can have T c as low as 10 K and the N = 3 plane is underdoped and may not be superconducting at all. images (5), making complementary experimental techniques desirable. Here we demonstrate that ultraviolet angle-resolved photoelectron spectroscopy (ARPES) allows molecular orbital densities to be reconstructed in real space in a rather simple way, as exemplified by analyses of a crystalline pentacene film and a chemisorbed monolayer, p-sexiphenyl on Cu (110).
In ARPES (schematically depicted in Fig. 1 ), an incident photon of energy ℏw excites an electron from a bound initial state, described by wave function y i and energy E i , to a final electron state y f with kinetic energy E kin . Because energy and momentum parallel to the surface are conserved during the photoemission process, the measurement of the emitted electron's energy and momentum probes the band structure of solids. ARPES is commonly used to study band dispersions, Fermi surfaces, and many-body correlations in a wide range of materials (6) . A theoretical description of the angle-resolved photocurrent intensity is generally rather involved, and attempts to analyze it in a quantitative manner are rather scarce.
In this work, we treat the photo-excitation as a single coherent process from a molecular orbital to the final state, which is referred to as the onestep model of photoemission (PE). The PE intensity I(q,f;E kin ) is given by a Fermi golden rule formula (7) .
Here, the polar and azimuthal emission angles defined in Fig. 1 are denoted by q and f, respectively. The photocurrent I is given by a sum over all transitions from occupied initial states i described by wave functions y i to the final state y f characterized by the direction (q,f) and the kinetic energy of the emitted electron. The d function ensures energy conservation, where F denotes the sample work function. The transition matrix element is given in the dipole approximation, where p and A, respectively, denote the momentum operator and the vector potential of the exciting electro-magnetic wave. The difficulty in evaluating Eq. 1 lies in the proper treatment of the final state. In the most simple approach, it is approximated by a plane wave (PW) characterized only by the direction and wave number of the emitted electron. This has already been proposed more than 30 years ago (8) , with some success in explaining the observed PE distribution from atoms and small molecules adsorbed at surfaces. Using a PW approximation is appealing because the evaluation of Eq. 1 renders the photocurrent I i arising from one particular initial state i proportional to the Fourier transform (FT)ỹ i ðkÞ of the initial-state wave function corrected by the polarization factor A · k:
Thus, if the angle-dependent photocurrent of individual initial states can be selectively measured (as it can for organic molecules where the intermolecular band dispersion is often smaller than the energetic separation of individual orbitals), a one-to-one relation between the photocurrent and the molecular orbitals in reciprocal space can be established. This allows the measurement of the absolute value of the initial-state wave function in reciprocal space and, via a subsequent FT, a reconstruction of molecular orbital densities in real space.
However, attempts to explain ARPES data of oriented films of large polyatomic molecules by a PW final state led to the conclusion that it should not be used in this context (9, 10) because it does not take into account spherical wave effects of the outgoing wave. Thus, the independent atomic center (IAC) approximation was adopted by calculating the emission as an independent, but coherent, sum from individual atomic centers (11) . The IAC approximation has been used to account for the observed take-off angle dependence of the photocurrent of thin films of organic molecules (12) . As a further improvement over the IAC, single-scattering (SS) events of the emitted electron have also been taken into account and shown to be important in some applications (13, 14) . Here we argue that, despite the obvious simplification of the PW final-state assumption over the more accurate IAC and SS theories, the PW assumption can still lead to a meaningful description of the observed PE intensity of large p-conjugated molecules. As already noted by Grobman (11) , the IAC expression for the photocurrent can be considerably simplified if the initial molecular orbital comprises atomic orbitals of the same chemical and orbital character. This situation is met by a p molecular orbital of a planar polyatomic molecule for which the contributing atomic orbitals are all of p z character. For such a case, we show in the supporting online material (SOM) that the angular-dependent photocurrent, computed within the IAC approximation, is given by the FT of the initial state modulated only by a weakly angular-dependent function (15) . Furthermore, for the special case where the electric field vector of the photon is parallel to the direction of the emitted electron, the IAC reduces exactly to Eq. 2 (15, 16) . Thus, the PW final-state assumption can be expected to be valid if the following conditions are fulfilled: (i) p-orbital emissions from large planar molecules; (ii) an experimental geometry in which the angle between the polarization vector A and the direction of the emitted electron k is rather small (Fig. 1A) ; and (iii) molecules consisting of many light atoms (H, C, N, O) . The third requirement is a result of the small scattering cross section of light atoms and the presence of many scattering centers expected to lead to a rather weak and structureless angular pattern (14, 17) .
In the SOM, we compare the PW approach with calculations within the framework of the IAC and SS theories from the literature for a typical p-conjugated organic molecule satisfying the above-mentioned conditions, thereby demonstrating the agreement among the theoretical results as well as with the experimental data (15).
We continue by demonstrating the viability of the PW approach for both reciprocal space mapping as well as real-space reconstructions of relatively complicated molecular orbitals. We first present results for the organic p-conjugated molecular semiconductor pentacene in a multilayer thin film, focusing on the emission from the HOMO. As a second example, we show that the approach allows reconstruction of the orbitals of p-sexiphenyl bonded to the Cu (110) surface. Not only do we reconstruct a real-space image of the HOMO, but we also show that the PE intensity at the Fermi level that appears on adsorption has the orbital structure of the lowest unoccupied molecular orbital (LUMO).
Pentacene is a planar aromatic molecule consisting of five linearly edge-fused phenyl rings, and has been extensively studied owing to its interesting optoelectronic properties. Its electronic structure, in particular the intermolecular HOMO dispersion, has been analyzed by means of both PE experiments (18) (19) (20) and calculations within the framework of density functional theory (DFT) (21) (22) (23) . When the molecule is vacuum deposited on the p(2 × 1) oxygenreconstructed Cu(110) surface, its long axis orients parallel to the oxygen rows, resulting in crystalline pentacene(022) films (24) (Fig. 1C) . The (022) surface termination exhibits molecules with their long axis parallel to the surface but with the p face tilted out of the surface plane by an angle of b = 26°. Figure 1D shows a momentum map at the HOMO energy of a pentacene multilayer using a toroidal electron energy analyzer at the synchrotron radiation facility BESSY II (25) . As a function of the momentum vector parallel to the molecular axis, k x , there is a pronounced intensity maximum of the PE intensity centered at 1.15 Å , as observed previously (20) . In the momentum maps, these intense features extend about T0.8 Å −1 in the k y direction, and in addition, there are weakerintensity lobes at about the same k x value around k y ≈ T2 Å −1 . To illustrate the relation between the measured PE intensity and the FT of the emitting orbital, we calculate the electronic structure of an isolated pentacene molecule using DFT (26) . The resulting HOMO orbital is depicted in Fig. 2A , and its corresponding three-dimensional FT in Fig.  2B . Because the momentum maps are measured at constant binding energy, we evaluate the FT on a hemisphere of radius k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð2m=ℏ
2 ÞE kin q (indicated in red). The value of the FT on that hemisphere for a kinetic energy of 29.8 eV is shown in Fig. 2C . However, a comparison with the photoelectron momentum map (Fig. 1D) appears to be unsatisfactory. In particular, the minimum at k y = 0, reflecting the nodal structure of the pentacene HOMO, seems to be absent in the measurement. The reason for this apparent discrepancy is a geometric one: the presence of both +26°and −26°tilt angles b in the film structure. Once this factor is taken into account, the agreement between experiment (Fig. 1D) and theory ( Fig. 2D) is excellent. Both the strong maxima at k y = 0 and the weak peaks at k y = 2 Å −1 result from the out-of-plane tilt angle of the pentacene molecules (15) . Clearly, the FT approach describes the PE intensity well and therefore allows molecular orientations to be determined with a precision comparable to that of standard in situ techniques such as near-edge x-ray absorption fine structure (NEXAFS). By varying the tilt angle b in the simulations, we estimate the accuracy of the ARPES approach to be better than 5°( fig. S3) . A comparison between the PE intensity and the FT has the added advantage that rather than giving an average orientation, multiple orientations are immediately apparent and can be resolved. Moreover, ARPES works at low photon energies, minimizing damage to the sample, and does not require a tunable photon source.
We next apply the approach to an adsorbed monolayer bound to a metal surface. p-Sexiphenyl adsorbs on the Cu(110) surface with its molecular planes parallel to the surface, and orients with its long axis parallel to the Cu rows (27) , as seen in the STM image in fig. S2B . Upon the adsorption of the molecules, we recognize two new features in the low-binding energy region in the ARPES data acquired parallel to the molecular axis ( fig.  S2C ): one centered at 0.3 eV below the Fermi level, and the other at a binding energy of 1.9 eV at the intersection of the Cu sp and d bands. Momentum maps at these two binding energies (Fig. 3, A and C, respectively) compare well to the calculated FTs of the HOMO and LUMO from an isolated sexiphenyl (Fig. 3, B and D) . The main characteristics, maxima at k x HOMO ≈ T1.45 Å −1
reflecting the spatial periodicity set by the length of one phenyl ring (2p/k x HOMO ≈ 4.3 Å) (28) , are observed in the data as well as in the calculation. Also, the width Dk x , which is inversely proportional to the length of the molecule, appears consistent in the PE data. The same holds for the extension in y direction, Dk y , which is related to the width of a phenyl ring. These findings are strong evidence that the molecular feature observed at a binding energy of 1.9 eV can indeed be attributed to the sexiphenyl HOMO and, moreover, that its character is preserved even in a strongly interacting monolayer on a metal surface. In a similar manner, we unambiguously assign the intensity close to the Fermi level to an emission from the filled LUMO (Fig. 3, C and D) . This emission thus indicates electron transfer from the metal into the former LUMO of the isolated molecule; as was the case for the HOMO, the nodal structure of the LUMO is found to be preserved on adsorption. Thus, PE momentum maps provide fingerprints of molecular states, allowing for their unique identification even in cases where there is a rather strong bonding interaction.
The ability to reproduce the PE momentum maps with FTs of the initial-state wave functions encouraged us to reconstruct real-space images of the molecular orbital densities from the experimental PE data. From Eq. 2, we take the square root of the PE data and divide it by the polarization factor |A · k| º |sinq cosc − cosq sinc|. Restricting the data to positive k x values and considering the incidence angle c = −40°of the p-polarized photons (Fig. 1A) , this function has a maximum for a take-off angle q = 50°and a minimum value of 0.64 at normal emission. Before performing the inverse FT of the processed PE data, we mirror the data to the negative k x plane and change its sign (or leave it unchanged) according to the parity of the wave function, which is even for the HOMO (and odd for the LUMO). By the latter procedure, we restore phase information on the wave function to facilitate the comparison with calculated orbitals. The inverse FTs of the PE data for the adsorbed sexiphenyl HOMO and LUMO are compared with the DFT calculated orbitals of the isolated molecule in Fig.  4 . Spatial periodicities and nodal structure are well conserved across theory and experiment. Because the resolution Dx in the reconstructed images is inversely proportional to the PW cutoff k max (thus Dx = p/k max ), kinetic energies of around 30 eV as used in our experiments lead to Dx ≈ 1 Å.
Compared to the DFT orbitals, both the HOMO and LUMO electron densities obtained from photoemission are more weighted around the center of the molecule, a distinction we tentatively attribute to the interaction with the Cu surface. Indeed, in sexiphenyl charge-transfer salts, the local distortions and the transferred electrons are located around the center of the molecule (29) . Further- more, although STM images typically do not match molecular orbital images exactly, an STM image of a monolayer of sexiphenyl adsorbed on Cu (110) does show an electron density distribution that is weighted toward the center of the molecules ( fig. S2B) . Nonetheless, improvements in the PE signal-to-background ratio are necessary before any strong conclusions can be reached concerning the extent of orbital distortion introduced by the metal surface.
The demonstrated simple relation between the PE intensity and the FT of the molecular orbital should be a valuable tool for further investigation of organic molecular films and monolayers.
